Porifera are a diverse animal phylum with species performing important ecological roles in aquatic ecosys-5 tems, and have become models for multicellularity and early-animal evolution. Demosponges form the 6 largest class in sponges, but previous studies have relied on the only draft demosponge genome of Amphime-7 don queenslandica. Here we present the 125-megabase draft genome of a contractile laboratory demosponge making it difficult to trace the evolution of these gene families. Gene sets in the examined taxa suggest that 15 nervous systems evolved independently at least twice and either changed function or were lost in sponges. 
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Figure 3: Neurotransmitter overview across metazoans Summary schematic of neurotransmitter biosynthesis and degradation pathways across early-branching metazoans. Each of the four non-bilaterian groups is presumed to be monophyletic, although some individual trees of genes or gene families may display alternate topologies. Bold letters refer to the enzymes. Individual gene trees that display the orthology of the clades are found in the supplemental information. Arrows are shown in one direction though many reactions can be reversible. (A) Glutamate and GABA metabolism from the citric acid cycle through the "GABA shunt" pathway. Because ABAT is absent in ctenophores, GLUD and TAT are potentially alternatives to convert α-ketoglutarate to glutamate. GATP can convert GABA to succinate semialdehyde, but this enzyme was only found in some demosponges and plants. (B) Monoamine metabolism, excluding tryptophan. (C) Table of presence-absence for genes in parts A and B. Presence (green) refers to a 1-to-1 ortholog where orthology is clear from the tree position. Homolog (blue) refers to a sister group position in trees before duplications with different or unknown functions. Secondary loss (red) refers to the gene missing in the clade, but homologs are found in non-metazoan phyla. Numbers inside the boxes indicate copy number specific to that group, M refers to multiple duplications within the group where the copy number is variable among species. Abbreviations for clades are as follows: Cteno, ctenophores; Hsm, homoscleromorphs; Demo, demosponges; Hexact, hexactinellids; Choano, choanoflagellates.
mentary Tables 17 and 19 in [Ryan et al., 2013] ). However, we found orthologs of MAO and homologs of (mGluRs) and the ionotropic ones (iGluRs). Some sponge species possess iGluRs, though these receptors
158
were absent in the transcriptomes of several demosponges [Riesgo et al., 2014a] . We were unable to find The homoscleromorpha/calcarea clade appears to have an independent expansion of iGluRs tal Figure 12 ), though the normal ion transporter domain is switched with a SBP-bac-3 domain (PFAM 167 domain PF00497) compared to all other iGluRs (Supplemental Figure 13) . Additionally, ctenophores and 168 placozoans appeared to have dramatic expansions of this protein family as well [Ryan et al., 2013 , Moroz 169 et al., 2014 ,Alberstein et al., 2015 , suggesting that a small set of iGluRs was present in the common ancestor : Metabotropic GABA receptors (GABA-B type) across metazoans Protein tree generated with RAxML. Numbers in parentheses indicate the number of species from that group, so the 46 demosponge mGABARs come from 4 species. Key bootstrap values are summarized as yellow or gray dots, for values of 90 or more, or 80 or more, respectively. Single star indicates sequences annotated as mGABARs in [Krishnan et al., 2014] , double plus indicates the clade annotated as "sponge specific expansion" in [Krishnan et al., 2014] . For complete version with protein names and all bootstrap values, see Supplemental Figure 10 Similar to glutamate, GABA is loaded into vesicles with the vesicular inhibitory amino acid transporter 186 (VIAAT). Ctenophores, sponges, and placozoans lack one-to-one homologs of VIAAT (Supplemental Fig-187 ure 15). Several other transporters are thought to transport GABA (ANTL or SLC6 class) and many other 188 amino acids. SLC6-class transporters, which transport diverse amino acids, are found in all non-bilaterian 189 groups, so the function of VIAAT may be redundant.
190
Glycine receptors
191
Glycine is known to affect the contraction of T. wilhelma [Ellwanger and Nickel, 2006] . Some ctenophore 192 iGluRs have been shown to bind glycine [Alberstein et al., 2015] due to the substitution of serine for arginine 193 (S687 in human GluN1), though this appears to be specific only to ctenophores, as essentially all other : Domain organization of GABA-B type receptors across metazoans Scale bar displays number of amino acids. Top reciprocal BLAST hits to human for putative mGABARs in calcareous sponges are INSRR and IGF1R, due to high-scoring hits to the tyrosine kinase domain. All mGABARs from demosponges, glass sponges, and the homoscleromorph Oscarella carmela share the 7-transmembrane domain (green) with mGABARs from other animals, while calcarean proteins have the same ligand-binding domain (red) but instead have a protein tyrosine kinase domain (purple) at the C-terminus, similar to growth-factor receptors. The filasterean Capsaspora owczarzaki has alternate domains at the N-terminus.
Mechanical receptors
199
Some sponges can contract in response to mechanical agitation, as reported for the demosponges E. muel-200 leri [Elliott and Leys, 2007] and T. wilhelma [Nickel, 2010] . Several diverse protein families appear to 201 be responsible for the sense of touch [Árnadóttir and Chalfie, 2010] . A subgroup of the TRP (transient 202 receptor-potential) channels, TRP-N, thought to mediate mechanosensation was determined to be absent 203 in sponges [Schuler et al., 2015] , and we were unable to identify any in either T. wilhelma or S. ciliatum, 204 although other TRP-class channels were found [Ludeman et al., 2014 , Schuler et al., 2015 . Because the 205 mechanosensory function of TRP channels may be redundant, we analysed for the presence of PIEZO, a 206 280kDa trimeric protein [Ge et al., 2015] involved in touch sensation in mammals [Coste et al., 2012] . though two homologs were found in vertebrates, we found one copy in all other animals (Supplemental Among the thousands of genes in the genome, we focused on genes that may be mediating contractile be-233 havior in T. wilhelma, and the interactions of those genes within broader metabolic pathways. Many of the 234 "housekeeping" genes in our study have lineage-specific duplications in at least one animal phylum. Consid-235 ering the importance of "single-copy" proteins in phylogenetic analyses, as taxon sampling improves, it may 236 be found that very few or no genes are single copy across most or all animal phyla. Many other genes that 237 are critical for neural functioning in bilaterians have independent losses in other animal lineages (Figure 6 ). Glutamate and GABA receptor evolution
240
There is stark contrast in the relative abundance of mGABARs and iGluRs in sponges and ctenophores.
241
The relative dearth of mGABARs in ctenophores may reflect the apparently absence of amino-butyrate KYAT one of which may serve to balance glutamate metabolism in these animals.
249
There are two explanations for the diversity of mGABARs in sponges. Given the high variability of 250 amino acids in the mGABAR binding pocket (Supplemental Figure 11) , it is plausible that many of these 251 receptors do not bind GABA at all, and have diversified for other ligands. There is precedent for this as it 252 was shown that the independent expansion of ctenophore iGluRs also included several key mutations to the 253 binding pocket which changed the ligand specificity of these proteins [Alberstein et al., 2015] . For the other
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The apparent absence of true mGABARs in calcareous sponges (the genome of S. ciliatum and transcrip-264 tome of L. complicata) conflicts with a previous study that identified key proteins in the GABA pathway 265 by immunostaining [Ramoino et al., 2010] . The best mGABARs BLAST hits found in the two calcareous 266 sponges display a conserved ligand binding domain but the seven-transmembrane domain has been swapped 267 with a tyrosine kinase domain ( Figure 5 ). Structural similarity of the conserved N-terminal domain may 268 result in a false-positive signal in studies using immunostaining with standard antibodies [Ramoino et al., 269 2010]. On the other hand, compared to ctenophores, which apparently lack ABAT, this enzyme was found 270 in both of the calcareous sponges analyzed. Thus it would be surprising if these sponges had no capacity 271 to create or respond to GABA. Since true vertebrate-like mGABARs are found in all other sponge classes, 272 and our study could only examine two calcareous sponges, it could be that mGABAR presence is variable in 273 this class. The genome of S. ciliatum contains 40 proteins annotated as mGluRs [Fortunato et al., 2014] , so 274 a third possibility is that even in the absence of true mGABARs, some of these proteins may have evolved 275 affinity for GABA and mediate its signaling in calcareous sponges.
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Although a putative iGluR was identified in the transcriptome of the demosponge Ircinia fasciculata,
278
this sequence was only a fragment, so the glutamate affinity and domain structure could not be determined.
279
As with the mGABARs, the domain structure is different between the sponge classes. Otherwise, it appears 280 that only calcareous sponges and homoscleromorphs have NMDA/AMPA-like iGluRs. The presence of these 281 proteins in plants and other single-celled eukaryotes suggests that at least iGluRs were present in the com-282 mon ancestor of all eukaryotes, and their absence in demosponges is likely the product of secondary losses.
283
In the context of contractions of T. wilhelma, the abundance of mGluRs and mGABARs could plausibly MAO was found in most animal groups, but we were unable to find any in placozoans or ctenophores.
296
The topology of the MAO phylogenetic tree suggests a secondary loss of this protein in these phyla plemental Figure 9 ). Related genes (PAOX, polyamine oxidase) were found in placozoans with several 298 placozoan-specific duplications, and again, potentially one of these may catalyze the oxidation of aromatic 299 amines. The analysis of these proteins also uncovered a clade including sponges, cnidarians, and lancelets, 300 though the function of these proteins cannot be predicted based on homology searches. In vitro charac-301 terization of these enzymes may reveal the function to provide evidence as to how these could have been 302 important for metabolism in early animals, and was subsequently replaced or lost in most other metazoan 303 lineages.
Remarkably, the DBH group has independent expansions in three sponge classes as well as placozoans 306 and cnidarians (Supplemental Figure 7) . No DBH homologs were identified in calcareous sponges or in ctenophores. A putative homolog of this group was found in the choanoflagellate M. brevicollis but not in 308 any other non-metazoan. The alignment and the phylogenetic position of the M. brevicollis protein suggest 309 that it may be a member of the copper-binding oxygenase superfamily, rather than a true homolog of DBH 310 (see Supplemental Alignment).
312
The presence of DBH-like and AADC-like enzymes in most animal groups suggests the possibility to 313 make phenylethanolamines (like octopamine or noradrenaline) from tyrosine, and then subsequently inac-314 tivate them with MAO. All demosponges appear to lack AADC, and ctenophores appear to lack both of 315 these enzymes calling into question a previous report of the detectability of monoamine neurotransmitters 316 in ctenophores [Carlberg and Rosengren, 1985] .
318
Conserved properties of neurons
319
Neurons are generally defined by the presence of five key aspects: membrane potential, voltage-gated ion 320 channels, secretory pathways, ligand-gated ion channels, and cell-cell junctions to form synapses. Voltage-321 gated channels, secretory systems, and ligand-gated ion channels are discussed above. Membrane potential 322 is maintained in animal cells by sodium-potassium pumps (ATP-ases), which are a class of cation pumps 323 exclusively found in animals [Stein, 1995 , Sáez et al., 2009 . It is thought that such pumps are necessary 324 because animals are the only multicellular group that lacks any kind of cell wall, thus careful control of 325 ionic balance is necessary to resist osmotic stress [Stein, 1995] . For non-bilaterian animals, cell layers were 326 in direct contact with water, so potentially all cells needed this protein to function normally. Therefore 327 having neuron-like functionality is unlikely to rest upon the gain or loss of this gene. The last feature is 328 the presence of cell-cell connections. Many proteins involved in synapse structure or neurotransmission are 329 found in sponges, [Srivastava et al., 2010 ,Riesgo et al., 2014a ,Moran et al., 2015 ,Leys, 2015 though it is not 330 clear which genes are necessary for neural functioning, or may have evolved independently.
331
Neural evolution and losses
332
Based on recent phylogenies, both Porifera-sister and Ctenophora-sister evolutionary scenarios require either al., 2008 , Ryan et al., 2013 , Whelan et al., 2015 , Pisani et al., 2015 and morphological evidence [Harbison, 337 1985] argue against this scenario (but also see [Philippe et al., 2009] and [Simion et al., 2017] ). One other 338 alternative is that placozoans have an unidentified neuron-like cell in a Porifera-sister context, which would 339 therefore allow for a single origin of neural systems in animals and no losses. kept as annotations provided that the BLAST hit had a bitscore over 1000, or a bitscore over 300 and the
482
T. wilhelma protein covered at least 75% of the best hit against the human protein dataset from SwissProt.
483
The bitscore and length cutoffs were applied to reduce the number of annotations based on a single domain. types is displayed in Supplemental Table 2 .
Intron retention was recently reported to be a common mode of alternative splicing in A. queens- Fernandez-Valverde et al., 2015] . We found 3,295 transcripts with 3,565 retained intron events 500 (Supplemental Table 2 ). We then analyzed the length of the retained introns and found the phase of the 501 retained piece to be randomly distributed (unlike cassette exons, Supplemental 2015) . Glycine activated ion channel subunits encoded by ctenophore glutamate receptor genes.
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Proceedings of the National Academy of Sciences, 112(44):E6048-E6057. H. M., Qiu, H., Shinzato, C., Shoguchi, E., Stokes, A. J., Tambutté, S., Tchernov, D., Voolstra, 590 C. R., Wagner, N., Walker, C. W., Weber, A. P., Weis, V., Zelzion, E., Zoccola, D., and Falkowski, [ Borisenko et al., 2016] Borisenko, I., Adamski, M., Ereskovsky, A., and Adamska, M. (2016 GABR1_MOUSE F1QAJ3_DANRE Dmel_NP_001246033.1__GABA-B1C Amel_4.5|GB49131 C3Z4V0_BRAFL B3VBI8_CAEEL__gbb-1 GABR2_HUMAN GABR2_MOUSE Q1LUN9_DANRE C3YEC0_BRAFL Dmel_NP_001287456.1__GABA-B2C Amel_4.5|GB49239 Hoilungia_stringtie|15673.1|m.20278 Triad1_g1739.t1__scaffold_2 Hoilungia_stringtie|6503.1|m.8445 Triad1_g6057.t1__scaffold_6 Hoilungia_stringtie|6504.1|m.8438 G5ECB2_CAEEL__gbb-2 AIPGENE12245 Hoilungia_stringtie|10558.1|m.13818 Triad1_g5475.t1__scaffold_5 Hoilungia_stringtie|11079.1|m.14461 Hoilungia_stringtie|3832.1|m.4618 Hoilungia_stringtie|3833.2|m.4840 Triad1_g7917.t1__scaffold_9 Hoilungia_stringtie|3838.1|m.4714 Triad1_g3741.t1__scaffold_3 Capca1|42446 Capca1|22448 Hoilungia_stringtie|10218.1|m Aqu2.1.23001_001/19-196 twi_ss.11316.1_0/38-229 ephydatiamuelleri_10299_comp61291_c0_seq1 ephydatiamuelleri_09349_comp60264_c0_seq6 hydra_sra.36426.1_0/39-213 hormiphora_t_x0_09819_comp8395_c0_seq2 ML02335a-AUGUSTUS Aqu2.1.43530_001 twi_ss.25346 Figure 11 : Binding pocket alignment of mGABARs across metazoans Select residues involved in the binding of GABA are highlighted, and numbers correspond to the position in the human protein GABR1/GABAR-B1, based on the structure of GABR1 [Geng et al., 2013] . Highly conserved residues not thought to be involved in binding are highlighted in blue. The two human proteins are highlighted in pink. Placozoan proteins are highlighted in gray. Sponge proteins are highlighted in blue. The two ctenophore proteins are highlighted in violet. Figure 12 : Phylogenetic tree of ionotropic glutamate receptors across metazoans Protein tree generated with RAxML using the PROTCATWAG model. Bootstrap values are 100 unless otherwise shown. These receptors are not found in the genomes or transcriptomes of demosponges or hexactinellids, so the Sponge clade refers to calcareous sponges and homoscleromorphs. For the three sponges, the blue star indicates sequences derived from a transcriptome. Based on [Alberstein et al., 2015] , some receptors are predicted to bind ligands other than glutamate, shown with the green star, red diamond, and black star, for glycine, acidic ligands, and unknown, respectively. Four placozoan proteins have substitutions at the conserved acidic residue (D723 in human GluN1), as either GY in ctenophores, or GG/WY in placozoans; the carboxyl of the glutamic/aspartic acid is needed to coordinate the amino group of glutamate, suggesting that these proteins do not bind an α -amino acid. 
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